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1. 

ROTOR MOMENT FEEDBACK FOR 
STABILITY AUGMENTATION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 5 

This application claims priority to U.S. patent application 
Ser. No. 14/159,600, which was filed on Jan. 21, 2014, the 
contents of which are incorporated herein by reference. 10 

BACKGROUND 

Stiff hingeless rotors commonly found on high speed 
vertical takeoff and landing (VTOL) aircraft are relatively 
unstable in terms of, e.g., pitch moment versus angle of 
attack. A relatively large horizontal stabilizer may be 
required to provide restoring force to counteract this insta 
bility. The stabilizer itself is typically associated with a 
weight penalty, in addition to weight penalties in the tail 
cone and the rotor to react to large stabilizer loads. There 
may also be a drag penalty for the large Stabilizer, as well as 
the center of gravity (CG) being pushed aft. 

Conventional control systems have used Stability aug 
mentation systems (SAS) that sense angular aircraft rate 
feedback to increase stability. In other instances, angular 
acceleration feedback was used to improve stability. Differ 
entiation of angular rate provides an acceleration signal with 
significant noise content. Filtering may enhance the signal 
to-noise ratio (SNR) of the acceleration signal so as to be 
useful, but it may limit the effectiveness of the acceleration 
feedback to enhance aircraft stability. 
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Disclosed is a rotorcraft including a plurality of blades, 
and a control computer configured to obtain a blade bending 
measurement from a sensor associated with one of the 
plurality of blades, process, by a device comprising a 
processor, the blade bending measurement to obtain moment 
data for the rotorcraft, obtain data from an inertial measure 
ment unit (IMU), wherein the data obtained from the IMU 
pertains to at least one of a pitch of the aircraft and an 
angular rate, and process, by the device, the moment data 
and the data from the IMU to generate a command config 
ured to stabilize the aircraft, wherein the command is based 
on a reference input, and wherein the reference input is 
based on at least one input provided by a pilot of the aircraft. 

In addition to one or more of the features described above 
or below, or as an alternative, further embodiments could 
include a first rotor and a second rotor, the plurality of blades 
including a first plurality of blades associated with the first 
rotor and a second plurality of blades associated with the 
second rotor. 

In addition to one or more of the features described above 
or below, or as an alternative, further embodiments could 
include wherein the blade bending measurement includes a 
first blade measurement from the first plurality of blades and 
a second blade measure measurement from the second 
plurality of blades. 

In addition to one or more of the features described above 
or below, or as an alternative, further embodiments could 
include wherein the control computer is configured to aver 
age the first blade bending measurement and the second 
blade bending measurement in obtaining the moment data. 65 

In addition to one or more of the features described above 
or below, or as an alternative, further embodiments could 
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include a slipring configured to transfer the blade bending 
measurement to the control computer. 

In addition to one or more of the features described above 
or below, or as an alternative, further embodiments could 
include wherein the control computer is configured to obtain 
a third blade bending measurement from a sensor associated 
with the plurality of blades, and process the third blade 
bending measurement in obtaining the moment. 

In addition to one or more of the features described above 
or below, or as an alternative, further embodiments could 
include wherein moment data for the rotorcraft includes 
pitch moment data. 

Additional embodiments are described below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The present disclosure is illustrated by way of example 
and not limited in the accompanying figures in which like 
reference numerals indicate similar elements. 

FIG. 1A is a general perspective side view of an exem 
plary aircraft; 

FIG. 1B is a schematic block diagram illustrating an 
exemplary computing system; 

FIG. 1C is a schematic block diagram of an exemplary 
system environment; 

FIG. 2 is a block diagram of an exemplary system 
environment; and 

FIG. 3 illustrates a flow chart of an exemplary method. 

DETAILED DESCRIPTION 

It is noted that various connections are set forth between 
elements in the following description and in the drawings 
(the contents of which are included in this disclosure by way 
of reference). It is noted that these connections in general 
and, unless specified otherwise, may be director indirect and 
that this specification is not intended to be limiting in this 
respect. In this respect, a coupling between entities may 
refer to either a direct or an indirect connection. 

Exemplary embodiments of apparatuses, systems, and 
methods are described for providing an aircraft acceleration 
feedback signal with a high signal-to-noise ratio (SNR). The 
signal may be based on rotor blade bending. 

FIG. 1A illustrates a general perspective view of a heli 
copter 10. The helicopter 10 includes a main rotor assembly 
12 and tail rotor assembly 14. Although a particular heli 
copter configuration is illustrated and described in the dis 
closed embodiment, other configurations and/or machines 
may be used in connection with this disclosure. 

Referring to FIG. 1B, an exemplary computing system 
100 is shown. Computing system 100 may be part of a flight 
control system of the aircraft 10. The system 100 is shown 
as including a memory 102. The memory 102 may store 
executable instructions. The executable instructions may be 
stored or organized in any manner and at any level of 
abstraction, such as in connection with one or more appli 
cations, processes, routines, procedures, methods, etc. As an 
example, at least a portion of the instructions are shown in 
FIG. 1B as being associated with a first program 104a and 
a second program 104b. 
The instructions stored in the memory 102 may be 

executed by one or more processors, such as a processor 
106. The processor 106 may be coupled to one or more 
input/output (I/O) devices 108. In some embodiments, the 
I/O device(s) 108 may include one or more of a keyboard or 
keypad, a touchscreen or touch panel, a display Screen, a 
microphone, a speaker, a mouse, a button, a remote control, 
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a control stick, a joystick, a printer, a telephone or mobile 
device (e.g., a smartphone), etc. The I/O device(s) 108 may 
be configured to provide an interface to allow a user to 
interact with the system 100. 
As shown, the processor 106 may be coupled to a number 

'n' of databases, 110-1, 110-2, 110-m. The databases 110 may 
be used to store data, Such as data obtained from one or more 
sensors (e.g., strain gages). In some embodiments, the data 
may pertain to one or more parameters associated with a 
blade of an aircraft (e.g., aircraft 10). 

The system 100 is illustrative. In some embodiments, one 
or more of the entities may be optional. In some embodi 
ments, additional entities not shown may be included. In 
Some embodiments, the entities may be arranged or orga 
nized in a manner different from what is shown in FIG. 1B. 
For example, in Some embodiments, the memory 102 may 
be coupled to or combined with one or more of the databases 
110. 

Referring to FIG. 1C, a schematic block diagram of a 
system 150 in accordance with one or more embodiments is 
shown. The system 150 may be implemented on one or more 
types of aircraft, such a dual rotor 152 helicopter as shown 
in FIG. 1C. 
The system 150 may include one or more sensors 154. In 

Some embodiments, the sensors 154 may include strain 
gages. The sensors 154 may be implemented on, or associ 
ated with, blades 156 of the aircraft. In the example of FIG. 
1C, one sensor 154 is present per blade 156. In some 
embodiments, more or less than one sensor 154 may be 
associated with a given blade 156. 
The sensors 154 may be configured to detect a rotor blade 

flatwise (normal) bending moment. The bending moment 
signals may be transferred from the rotor(s) 152 to one or 
more flight control computers (FCCs) 158 through a data 
transfer system 160. In some embodiments, the data transfer 
system 160 may include a slipring (e.g., an optical slipring). 
An FCC 158 may process data from the sensors 154 and/or 
from an inertial measurement unit (IMU) 162. In some 
embodiments, the FCCs 158 may be associated with a 
fly-by-wire architecture or configuration. 

Data associated with the IMU 162 may pertain to aircraft 
pitch or angular rates. Based on the pitch/angular rate, one 
or more parameters, such as acceleration may be derived. 
The data associated the IMU 162 may generally be subject 
to noise. Use of the blade bending signals obtained from the 
sensors 154 may be used to complement use of the data 
associated with the IMU 162 in view of such noise. Fur 
thermore, use of the data associated with the IMU 162 may 
help to provide for a quality pilot experience, at least insofar 
as a pilot's perception of stability or quality of flight may be 
more directly related to the IMU 162/fuselage of the aircraft 
relative to the sensors 154/rotor. 
The raw blade normal bending signals obtained from the 

sensors 154 may vary periodically with the turning rotor(s) 
152. Referring to FIG. 2, using one or more harmonic 
estimators 202 (a first of which is labeled 202a and a second 
of which is labeled 202b in the embodiment of FIG. 2), pitch 
moment (204a, 204b) (e.g., 1/rev pitch moment) and thrust 
(206a, 206b) may be extracted for a given blade bending 
signal (208a, 208b). If multiple sensors 154 are used, the 
signals may be weighted and/or averaged 210. For example, 
the blade bending signal 208a may be associated with a 
blade of an upper rotor, and the blade bending signal 208b 
may be associated with a blade of a lower rotor. The pitch 
moment 204 (“M”) may be calculated as a product of a mass 
moment of inertia (“I”) and a pitch acceleration (“C.”). In this 
respect, if the pitch moment “M” (204) is obtained based on 
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4 
a harmonic analysis performed by a harmonic estimator 202, 
and if the mass moment of inertia 'I' is assumed, then the 
pitch acceleration “C.” may be calculated. 
One or more gains may be present in connection with the 

harmonic estimator(s) 202a, 202b: these gains may be tuned 
to obtain a good signal-to-noise ratio (SNR) and numerical 
stability. 
As shown in FIG. 2, the pitch moment(s) (204a, 204b) (or 

an average thereof 210) may serve as an input to a loads 
aware control laws 220. The control laws 220 may be 
configured to provide one or more feedback controls (la 
beled 72 in FIG. 2), potentially with respect to one or more 
parameters (e.g., angular rate, attitude, heading, accelera 
tion, etc.). The feedback control 72 may strive to provide 
stability of an aircraft, potentially with respect to one or 
more reference inputs derived from one or more pilot 
commands. 
The control laws 220 shown in FIG. 2 are taken from U.S. 

Pat. No. 7,970,498, and so, a complete (re-)description of 
the control laws 220 (and entities 62, 64, 66, 68, 70, 72, 74, 
76, and 77 shown therein) is omitted for the sake of brevity. 
U.S. Pat. No. 7,970,498 is incorporated herein by way of 
reference. 

In some embodiments, the control laws 220 may be 
implemented in connection with the FCCs 158. The FCCs 
158 may process data from the sensors 154 and/or the IMUs 
162 to provide for stability control. In some instances, the 
signals or data associated with the IMUs 162 may be 
associated with low-frequency content, whereas signals 
from the sensors 154 may be associated with high-frequency 
COntent. 

Turning now to FIG. 3, a flow chart of an exemplary 
method 300 is shown. The method 300 may be executed by 
one or more systems, components, or devices, such as those 
described herein (e.g., the system 100 and/or the FCC 158). 
The method 300 may be used to provide one or more control 
signals or feedback to obtain stability for an aircraft. 

In block 302, blade bending may be measured. For 
example, blade bending may be measured by the sensors 
154. 

In block 304, the blade bending measurements may be 
brought to an airframe. For example, the blade bending 
measurements may be provided to FCCs 158 via the data 
transfer system 160. 

In block 306, the blade bending measurements may be 
processed to obtain hub moments. 

In block 308, pitch or rate data may be obtained from the 
IMUS 162. 

In block 310, the hub moments (block 306) and the IMU 
data (block 308) may be processed to generate commands or 
controls to stabilize the aircraft. 
The method 300 is illustrative. In some embodiments, one 

or more of the blocks or operations (or a portion thereof) 
may be optional. In some embodiments, one or more addi 
tional blocks or operations not shown may be included. In 
Some embodiments, the blocks or operations may execute in 
an order or sequence that is different from what is shown in 
FIG. 3. 
As described herein, embodiments of the disclosure may 

be used in connection with one or more aircraft types, such 
as hingeless rotor helicopters, including X2 TECHNOL 
OGYTM helicopters and the Joint Multi-Role aircraft using 
X2 TECHNOLOGYTM features. 

Aspects of the disclosure may be used to significantly 
reduce horizontal stabilizer size relative to conventional 
designs while maintaining adequate disturbance rejection. 
This reduction in size may correspond to a significant weight 
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reduction on, e.g., an S-97 RAIDERTM helicopter. Addi 
tional savings may be realized in the tail cone structure and 
rotor due to reduced loads. 

In some embodiments, a trade-off may be made between 
stability and horizontal tail area (HTA). For example, a 5 
combination of acceleration control gain and HTA may be 
selected based on one or more criteria. In some embodi 
ments, rotor thrust may be used to further improve stability. 
As described herein, in Some embodiments various func 

tions or acts may take place at a given location and/or in 
connection with the operation of one or more apparatuses, 
systems, or devices. For example, in some embodiments, a 
portion of a given function or act may be performed at a first 
device or location, and the remainder of the function or act 
may be performed at one or more additional devices or 15 
locations. 

Embodiments may be implemented using one or more 
technologies. In some embodiments, an apparatus or system 
may include one or more processors, and memory storing 
instructions that, when executed by the one or more proces 
sors, cause the apparatus or system to perform one or more 
methodological acts as described herein. Various mechanical 
components known to those of skill in the art may be used 
in Some embodiments. 

Embodiments may be implemented as one or more appa 
ratuses, systems, and/or methods. In some embodiments, 
instructions may be stored on one or more computer-read 
able media, Such as a transitory and/or non-transitory com 
puter-readable medium. The instructions, when executed, 
may cause an entity (e.g., an apparatus or system) to perform 
one or more methodological acts as described herein. 

Aspects of the disclosure have been described in terms of 
illustrative embodiments thereof. Numerous other embodi 
ments, modifications and variations within the scope and 
spirit of the appended claims will occur to persons of 35 
ordinary skill in the art from a review of this disclosure. For 
example, one of ordinary skill in the art will appreciate that 
the steps described in conjunction with the illustrative 
figures may be performed in other than the recited order, and 
that one or more steps illustrated may be optional. 
What is claimed is: 
1. A rotorcraft comprising: 
at least one rotor including a plurality of rotor blades; and 
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a flight control computer configured to: 

obtain a blade bending measurement from a sensor 
mounted to one of the plurality of rotor blades; 

process, the rotor blade bending measurement to obtain 
moment data for the rotorcraft; 

obtain data from an inertial measurement unit (IMU) 
operatively connected to the flight control computer, 
wherein the data obtained from the IMU pertains to 
at least one of a pitch of the rotorcraft and an angular 
rate of the rotorcraft; and 

process, the moment data and the data from the IMU to 
generate a command configured to stabilize the 
rotorcraft, wherein the command is based on a ref 
erence input, and wherein the reference input is 
based on at least one input provided by a pilot of the 
rotorcraft aircraft. 

2. The rotorcraft according to claim 1, wherein the at least 
one rotor includes a first rotor including the first plurality of 
rotor blades and a second rotor including a second plurality 
of rotor blades rotor. 

3. The rotorcraft according to claim 2, wherein the blade 
bending measurement includes a first blade measurement 
from one of the first plurality of rotor blades and a second 
rotor blade measure measurement from one of the second 
plurality of rotor blades. 

4. The rotorcraft according to claim 3, wherein the flight 
control computer is configured to average the first blade 
bending measurement and the second blade bending mea 
Surement in obtaining the moment data. 

5. The rotorcraft of claim 3, wherein the flight control 
computer is configured to: 

obtain a third blade bending measurement from a sensor 
associated with another of the first plurality of rotor 
blades; and 

process the third blade bending measurement in obtaining 
the moment data. 

6. The rotorcraft according to claim 1, further comprising: 
a slipring operatively connected to the plurality of rotor 
blades configured to transfer the blade bending measurement 
to the control computer. 

7. The rotorcraft according to claim 1, wherein moment 
data for the rotorcraft includes pitch moment data. 
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